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SIMMARY

A method of applying the limiting contraction ratio to obtain
the maximum allowable blade thickness of a2 two-dimensional model
of a supersonlic-compressor rotor is proposed. Thls method requires
the location of the point on the rear of the blade entrance where
the tangent line 1s parallel to the undisturbed relative flow
velocity in rotor coordinates. A graphlcal procedure for approxi-
mating this point with what 1s believed to be sufficlent accuracy
is presented. For a glven blade spacing, the blade-passage area
is then supposed to be simply a functlion of the blade thickness and
the sine of the angle between the stagger line and the flow direc-
tion. Experimental evidence that thils supposition is reasonably
accurate 1s presented along with the suggestion that some additional
thickness may be obteined by further tuwrning of the atream in the
superaonic region. In addition, the suggestion 1s made that the
two-dimensional characteristic lines be constructed to lnsure that
no subsonic nor too-low supersonic regions result before the mini-
mm section in the passage entrance from reflected compression
waves.,

INTRODUCTION

A logical result of effort to extend and to Improve the per-
formence of axial-flow compressors has been an Increase 1ln interest in
supersonic axial-flow compressors since 1942. A most promlsing
approach is that first proposed in references 1 %o 3. Supersonlc-
compressor rotor bladek essentlally comprise & serles of small
rotating supersonic diffusers whose functlon 1s exactly the same
as that of conventional supersonic diffusers with internal dif-
fusion., Hence, 1t has been proposed at the NACA Langley Fleld
labdratory that the blade passages be considered as dlffusers and
designed on the basis of supersonlc-diffuser data (references 1
and 2). Reference 3 reports results cbtalned on a supersonic
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compressor run in Freon-12 (e commercial refrigerant). Use of
Freon-12 permitted operation with about one-fourth the stress
resulting from operation in eir at approximately the same Mach
nuwbey and velocity dlagram.

A supersonic-compressor investigation 1ls belng conducted at
the NACA Cleveland laboratory to prove the feasibllity of operating
supersocnic compressors Iln alr and to continue research on the asero-
dynamic problems. A compressor rotor with the form of blading
described in reference 1, but with larger blades, was deslgned for
operation at approximately twice the rotor speed used in the investi-
gation reparted in reference 3. Preliminery blade-vibration checks
indicated that the vibrational sitresses were so severe that the
combined vibrationsl and centrifugal stresses might exceed the yiseld
point of the blade material. A more accurate examination of the
factora governing the contrectlon ratio and the blade thickness was
therefore reguired.

The contraction-ratio expression is reexamined, this time with
consideration of the blade curvaturs. Resulis of an experimental
investigation made to determine the valldity of this analysils are
alaso presented. A cascade of five supersonic blades having the form
and spacing for the blade-root (most critical) section of +the supersoni:
compressor rotor blades was constructed and investligated for shock
entry in an open-Jet supersonic wind tunnel. The blade thickness
glving the limlting contraction ratioc, which was predicted for the
design Mach number by the anslysis, and three additional blade thick-
nesses were used. A simple guide and an experimental substantlation
are thus provided for the design of the thicknest practical supersonic-
compressor blading of the type used in reference 3.

The assumption that e two-dimensional enalysis is permissible
is based on the hypothesis that a least approximate simple radial
equilibrium can be established before and maintelned after the
blede-contained shock by control of the initial tangential-veloclty
distribution and the spanwide distributions of the inlet Mach number

and flow angle.

A vibretion investigation conducted simulteneously by the
Stress and Vibration Sectlon of the Clevelend laboratory will be
reported separately.
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SYMBOLS

The following symbols are used 1n this report:

A area
a veloclty of sound, feet per second
Cr contraction ratio, AgfAns.

CR, N isentropic contraction ratio, (pV)Mal/ (f:ﬂ?’)M

limiting nonisentropic compression ratio, CR, i(PS/PO)
dlameter to glven blade sectlon, inches

Mach number

free-stream Mach nmumber

number of blades 1n complete rotor

total pressure, pounds per square foot absolute
‘maximum blade thickness, inches

velocity, feet per second

ratio of specific heat at constant preasure to speclfic
heat at constant volume

density, slugs per cublc foot

8 O wqérmufzpau?
;

angle between compressor axis and alr velocity relatlve to
rotor, degrees

Subscripts:

0 upstream stagnation conditlons

1 stagnation condition before shock (relative to rotor)
2 static, or stream, condition (relative to rotor)

3 stagnation condition after shock (relative to rotor)

e . entrance
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M at local Mach number
max maximum

min minimun

rot rotational

The following point-location letters (fig. 1(b)) may also be
uwsed as subscripte:

a point locating blade leadling edge

at point locating blade leading edge adjacent to a

b point loceting blade maximum thicknesa

£ point locating blade trailing edge

b 4 origin (on blade convex, Or rear, side) of expansion wave

that intersects point at

CASCADE CONTRACTION-RATIO THEORY

The adaptation of contraction ratio, one of the principal
parameters governing conventlonal-supersonic-diffuser performance
(reference l), to rotor blading cannot be accomplished through
simple one~dimenslional analysls. The use of thls important param-
eter In cascade work was first attempted quantitatively in refer-
ence 3. Figure 1(a) shows the contraction ratio as defined by
reference 3, For cascades with a strailght entrance region (straight
rear glde of blade up to the minimum section), this interpretation
would be accurate. However, for a curved entrance region (convex
blade rear side, line axb, fig. 1(b)), the situation is slightly
more complex. Fram figure 1(b), 1t is obvious that expansion waves
are given off along the blade surface if the flow follows the blade
contour. When the magnitude 6f the velocity compcnent normal to
the stagger line 1s less than sonic, the mass flow, the direction
of flow, and hence the comtraction ratio OCf are fixed by these

waves, Consequently, an analysls considering these factors 1s
necessary to compute an accurate value of the contraction retio.

The method offered determines the entrance and minimum areas

used in finding the contraction ratio of a supersonic cascade 1in
terms of blade thickness and flow direction. This method is applied

SRR - -
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to blades with curved entrance regions and reduces to that shown in
reference 3 and figure 1(a) when the blade-entrance region 1s stralght.
The method 1s further restricted to blades of nearly uniform curvature.

Calculatlion of Minimum Area

The blade-passage minimum area may be computed from the angle
(90° - ®);, between the tangent to the line abf (fig. 1(b)) at
the maximm-thickness point b and the stagger line, the blade gap,
and the maximum blade thickness. The minimum area is glven very
closely by the expression (xd/n)} sin (90° - @)y - ty,, for any
blade section of mild curveture (fig. 1(a2))}. This area now cor-
responds to Aps, (fig. 1(c)). If any question exlsts as to the
minimm-area locatlon, the compubtations may be made for several
points by using the angle (90° - @) and the thickness at the same
point and selecting the smallest value for the minimm area.

Calculstion of Entrance Area

In order to calculate the entrance area, 1t is necessary to
find the point x along the entrance reglon of the blade at which
the relative veloclty, obtalned from the vector addition of the
rotational velocity and the undisturbed upstream velocity, 1s tangent
to the blade. This point =x determines the direction of the entrance
flow and can be found from the curved-blade hypothesis proposed in
reference 2. The hypothesls explalns that in this type of blading
(see reference 3) the flow is tangent, not to the blade leading
edge as in a blade of straight entrance region, but To same point x
(fig. 1(b)). The blade will thus operate with an oblique shock from
the rearward slde of its leading edge followed by expansion waves.

When the flow through the wave configuration in front of a
supersonic cascade of only slightly curved blades very closely
approaches isentroplc conditions and the rotor veloclty 1s fixed,
the angle of the undisturbed flow may be approximated as follows:

A point x along the surface &b (fig. 1(b)) is selected to
which the undisturbed flow is assumed tangent in rotor coordinates.
(This selection can be made 1f the flow i1z assumed isentropic.)

If the flow direction relative to the blades, the rotationel
veloclty, and the direction of the absolute velocity are kmcwn
the flow 1s entirely known from the vectcr triangle (fig. 1(b)},
and the Mach line may be drawn at the point x. If this Mach line
does not end at a‘*, another point =x must be assumed and the
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Mach line drawn as before untlil the Mach wave that Joings x to at
is found. If this final point x 18 known to be the point on the
slde of the blade at which the blade surface is perallel to the
umdisturbed flow in rotor coordinates, the flow conditlons can be
celculated. The deflection through the oblique shock originating

at the blade leading edge is equal to the angle between the tangent
to the leading edge and the tangent at x. Ths sum of the expanslion
waves between & sand x 1s equal in magnitude and opposite in sign
to the leading-edge obllique shock.

When the direction of ithe undisturbed-stream veloclty relative
to the blades, ((90° - @),, fig. 1(b)) is found, the entrance area,
which in this analysis is assumed to correspond to Ag (fig. 1(c)),
may now be computed as (wxd/n) sin (90° - @),. From figure 1(b),
thie area may be seen to correspond to the area of the stream tube
that will enter a single passage when it is at the undlsturbed
entrance Mach number.

Expression for Cascade Contraction Ratlo

After the entrance and minimum areas are found, the blade
contraction ratio is glven by

CR . A‘Q - 'l?d sin (900 - ¢)x : (l)
M Bmin B 40 (909 - @)y - tnay

This expression deflines a limiting blade thicknesa for a glven
entrance Mach number, (90° - @),, and (90° - @), which agrees
well with that determined from the stationary-model experiments
(see section entitled EXPERIMENTALT. VERIFICATION) if the model is
get with the flow tangent to the correct point x.

As shown in reference 1, the actual maximum allowable diffuser
contraction ratic is cbtained as follows: Firat the mass flow per
unit area is computed for the given entrance Mach number and Mach
number 1 from the relatlon

-1 (Zﬂ
B%Z; - (1 + 21 Mlz) 2\l (2)
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Then the isentropic contraction ratic las glven as
(V)M
Cg,1 = (3)

The isentropic contraction ratio Cp 4 must now be multiplied ‘b,{r

the totel-pressure ratic across a normal shock at 7he entrance Mach
mmber to get the actumal limiting contraction ratio OCi pay. The
total-pressure ratio 1s given by ’

741
Ps (75;)7-1 Mﬁ
BT =2 L “
G ) e o)

Equation (3) is now simply multiplied by equation (4) to get the
limiting contractlion ratio for any entrance Mach number.

EXPERIMENTAL, VERIFICATION

In order to verify the contractlion-ratio analysis, a two-
dimensional cascade was investigated in an open-Jet supersonic
wind tunnel to find whether supersonic flow actually would enter
the blade pessage. Four contractlon-ratio configurations incluvding
the computed critical (tgey = 0.060) were used.

A atus and procedure. - A two-dimengional cescade of five
complete blades ifig. Ziaii was machined without twist or radisl
variation of gap and instrumented with statlc-pressure orifices.
The blades were cut firet with a maxrimum thickness tmax ©fF
0.096 inch and remachined in successlve steps to maximum blade
thickness of 0.072, 0.060, and 0.048 Inch. At each step, investi-
gations were made at a Mach number of 1.35 to check the computed
oritical contraction ratlo.

The entire investigation was conducted at the NACA Cleveland
laboratory in a 3-Inch cpen-Jet wind tunnel designed specifically
for this purpose (fig. 2(b)) with a set of nozzle blocks designed
for a Mach number of 1.35. The Jet was run by means of the
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laboratory eltitude-exhaust system; room alr was drawn into the
52-1inch~-high exhauster chamber through the nozzlea., The model was
located in the large chamber as shown in figure 2(b). A valve in
the exhauster pipe was used to adjust the chember pressure to equal
the nozzle-exit pressure, thus eliminating either obligue shocks or
expansion waves of appreclable magnitude from the downstream end
of the nozzles.

Considerable caution was used in adjusting two-dimensionsal
models to simulate exactly rotational experiments inasmuch as the
upstream velocity In stator coordinates is supersonic and thereby
prevents wave adjustment of the flow as in the rotating compressar.

Results and discussion. ~ Representative aerodynamic experi-
mental results are given in the form of Mach number distribution
(figs. 3 and 4). These Mach numbers are all based on the ratic of
the observed local static pressure to the upstream total pressure;
hence, the supersonic velocities given will be very nearly correct.
The subsonlc veloclties will be high, however, as no correction is
made for the total-pressure losses accompanying diffusion from super-
sonic to subsonic velocltles. Baslocally, only two types of distri-
bution exist — that in which the contraction ratio was too great
for supersonic flow to enter the blade pamsages and that in which
1t was not, As this investigation was conducted for the specific
purpose of checking the limiting contraction ratio, no attempt was
made to evaluate the blade pressure recovery. Hence, no importance
can be attached to the quantitative measurements of the pressures and
Mach numbers following the passage minimum section. No provision
vas mede for exerting back pressure on the model. IFor maximum
efficiency, the normal shock must be located at the passage minimum
section by the exertion of back pressure; therefore, no basis for
performance comparison exists in the recorded data.,

None of the Mach number distributions through the blade for
which the contraction ratio was too great to allow supersonic flow
entry into the blade passage (flow spilled) differed essentially
from figure 3(a). None of the distributions for which supersonic
flow did enter showed appreciable varlation from figure 3(b)

(flow unspilled). The Mach number distribution in figwre 3(a)
indicates a strong bow wave around the lower blade, probably
forming a normal shock over the passage., Supersonic flow 1s seen
to exist throughout the model in figure 3(b) with the same setting.
The blade thickness of this model is reduced to 0.060 inch, however,
reducing the contraction ratioc to a value less than the critical
computed from the proposed contraction-ratio expression.
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The distributions could be altered from spillled to unspilled
flow or vice versa by tilting the model in such a manner as to give
an oblique shock or expansion wave at the leading edge of sufficient
strength to lower or ralge the entrance Mach number from the critical
value. This phenamenon illustrates the necessity for alining the
model at the design angle to the flow direction.

The distribution through a model whose contraction ratio was
too great to allow supersonlc flow entry at the free-stream Mach
number M, 1s shown in figure 4(a). The model, however, was
tilted in the counterclockwise direction until expension waves off
the leading edge raised M, above the oritical value. Figure 4(b)
shows the distribution through a model that permitted supersonic
entry at the design setting, but that was caused to spill by
rotating 1t in the clockwilse direchlon until the leading-edge oblique
shock lowered M, below the critical value.

The difference between the CR definsd In reference 3
(Cr = 1.092) and that defined herein (Cyp = 1.026) for comparable
blades lles in the consideration herein of the blade curvature
A(90° - ) between the entrance and the minimum section. This
conslderation promises some flexibility in choosing & practical
blade thickness for relatively low supersonic Mach numbers. All
or part of the total blade turning A(S0° - ) may be included
upstream of the blade-passage minimum section. The area expansion
due to turning may thus be utilized to a limited extent to increase
the maximun allowable blade thickness. Although contraction-ratio
requirements must be met, fulfiliment does not guarantee that super-
sonlc flow will enter the pessage. All changes in the entrance-
region-surface slope (before the minimum section) in the direction
causing compressions must still be less than the Prandtl-Meyer
expansion angle that would be required to raise the flow Mach
number fraom 1.00 to the local Mach number,., Failure to cbserve
this restriction results in local subsonic reglons that result in
either a strong oblique or normal shock outside the passage. The
characteristic disturbances throughout the passage entrance muast
generally be plotted to insure that the oblique-shock reflections
do not intersect to form local subsonic reglons and subsequently
ceuse spill.
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SUMMARY OF RESULTS

Results of an analyeis to determine the limiting contractlon
ratio in conjunction with a supersonic-compressocr investigation
indicated that the limiting contraction ratic may be closely
approximated by an anslytical expression involving the blade gap,
the entrance flow angle, the flow angle at the blade maximum-
thickness point, the number of blades, and the maximum blede
thickness., The analysis further indicated that with proper
regard for allowable stream turning inside the passage for a
given Mach number, the turning before the minimum section may be
utiliged to lower the contraction ratlioc and consegquently increase
the allowable blade thicknesa. Characoteristic lines should be
conatructed throughout the blade passage to make certain that the
desired two-dimensional flow 1s cobtalned, :

An experimentel investigation of a two-dimensional model of
a supersonic-compressor-blade cascade verified the amalysis by
. allowing supersonic entry at the computed limiting contractlon
ratio.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohlo.
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(a) Contraction ratio neglecting blade {c} Diffuser contraction ratio.

R curvature (reference 3}.

{b) Contraction ratio considering blade curvature.

Figure |. — Contraction ratio def ined (CR: Ag/Anin}.
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